We present a quantum manipulation of a traveling light pulse using double atomic coherence for two-color stationary light and quantum frequency conversion. The quantum frequency conversion rate of the traveling light achieved by the two-color stationary light phenomenon is near unity. We theoretically discuss the two-color stationary light for the frequency conversion process in terms of pulse area, energy transfer and propagation directions. The resulting process may apply the coherent interactions of a weak field to nonlinear quantum optics such as quantum nondemolition measurement. PACS number(s): 42.65. Ky, 32.80, 03.67.Dd.
trap two or more quantum fields, particularly two-color (TC) light, and 2) to use the TC light for effective quantum wavelength conversion. The proposed scheme is based on the double coherence resulting from strongly coupled slow light through EIT, where it works with no-Doppler broadened media such as BEC or condensed media. We discuss the wavelength conversion process through the TC stationary light for the relationship between pulse broadening mechanism and energy transfer. Figure 1 shows an energy level diagram for the present TC stationary light. Unlike intensity grating based stationary light scheme [13, 14] , we apply dichromatic control fields Ω + and Ω − . As shown in Fig. 1 , the propagation direction of the two control fields is opposite from each other, and the frequencies of these fields are ω C+ and ω C− with detunings The input quantum light E + is assumed to propagate in the k + direction. Here, the propagation direction k − of the field E − is determined by the phase matching with Bragg condition: k − = k + −κ + +κ − . Unlike intensity-grating-based standing light [14] , the present scheme utilizes quantum coherence ρ 12 created by the Raman fields of E + & Ω + and E − & Ω − . We assume that initially all the atoms are in the ground states |1>, and the probe pulse E + enters into the medium in the presence of the intensive control field Ω + only, which is co-propagating in the same direction κ + as the probe field direction k + . We note the frequency ω + of the field E + is detuned from the atomic transition |1> -|3> by . For strong control field Ω + the probe quantum field E + can decelerate through the medium if the condition of EIT is satisfied [5] [6] [7] [8] [9] [10] . We analyze the space-time evolution of the quantum light when an additional intensive control field Ω − is switched on. It is especially interesting for us to study how the new weak quantum field E − is generated in different frequencies, where the spectral width of the initial probe light satisfies − + + ∆ − ∆ << δω for practical frequency conversion processes. We show that the generated quantum field E − interacts so intensively with the original probe field E + , so the coupled field of the TC light pulse is formed in the optically dense medium. We also prove that the TC light pulse gets some spatial structure and unified group velocity depending on the Rabi frequencies of the control fields (Ω + (t) and Ω − (t)) and parameters of the atomic medium. It is interesting that the manipulation with the Rabi frequencies of the control fields directly determines both the amplitude and group velocity of each spectral component of the TC-light. The most striking result is the possibility of quantum stopping of the TC light inside the medium and ultra-efficient wavelength conversion, where the quantum state of the new E − field should be a time reversed replica of the probe pulse E + .
Theory of TC stationary light
For a theoretical analysis of the two-color stationary lights we introduce quantum field 
is a coupling constant of photons with atoms, ℘ σ is a dipole moment for each transition, V is volume of quantization [1] , 
where ) , (
are the Langevin forces associated with the relaxation processes [1] . We ignore the influences of the forces in Eqs. (2) and (3) for the following analysis in the adiabatic limit [16] . Eqs. (2) and (3) 
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where
, the j-th is dropped out for convenience.
For a long enough temporal duration of the probe field pulses
For long lived atomic coherence, ) (
The Eq. (7) is added by the equations for the field operators
We study the slow light evolution in the switching processes of the control laser fields Ω . In a particular case of a single photon state (10)- (11) can be solved analytically using spatial Fourier transformation
in Eqs. (10) and (11) 
where 
where for simplicity we have used the following nodimensional functions:
If only one of the control laser fields is switched on (
), we find the following from Eq. (13):
which corresponds to the well-known limit of the slow light with a weak absorption. So the modes of the field + + k ;
We note an interesting general connection between the Fourier components of the coupled light 
where Green functions
Applying inversed Fourier transformation to Eq. (12) , (18) where η(x)=1 for x>0 and, η(x)=0 for x<0. Eqs. (15) and (17) Using the solutions (12), (15) and (17) and initial quantum state where
) cannot be calculated exactly due to the complicacy of the dispersion relation, so the complete analysis of the stationary lights needs numerical calculations. Figure 2 shows numerical simulations of Eq. (19a ) for the TC stationary light. As seen from Fig.2 by manipulations of the control laser fields ± Ω can work in trapping the quantum field E -as a timelyreversed quantum replica of the E + propagating along the k -direction at different frequency: Quantum wavelength conversion. A more detailed explanation will be given in the following section.
Manipulation with stationary light
In this section, we analyze general properties of the coupled lights for some practical cases. First of all we obtain general information about the propagation of TC stationary light from the dispersion relation (13) . An interesting situation in the quantum evolution of the lights takes place in the optically dense medium, where 
This formula describes an interesting property in the evolution: the two interacted fields 
For chosen optical parameters we see the group velocity v(t) is independent of the frequency detunings ∆ ± between the slow light frequencies ω ± and atomic frequency ω 31 (see Fig.1 ). It is interesting to note that, due to this independence, the group velocity of the TC light coincides with the group velocity of coupled single frequency light in Ref. [14] . 
We assume a Gaussian spectral shape in the initial state
(where
, z o is coordinate of the probe field E + at t=t o , ϑ + is a constant phase). Using Eq. (19) we find the field amplitude of the probe E + before the second control field Ω -(t) switching on: 
(25 c)
In accordance with the exact result of Eq. (17), we see that Eq. (25) demonstrates that the fields A + (t,z) and A − (t,z) move together. However, the fields are separated from each other by a constant distance
, which is independent of the group velocity v(t). It is interesting that the distance D can be minimized for symmetric detunings of the control laser fields . As seen in Fig.3 , the pulse spreading results from the interaction of the TC light with the medium. Fig.3 concludes that the pulse area should be conserved if γ 2 =0, even though there is pulse spreading.
In accordance with Eq. (25 a) the coupled quantum fields A σ are generated only when both control fields, Ω + and Ω − , are turned on. The envelopes, A + (t,z) and A − (t,z), approximately overlap with each other. Here we should point out that the stationary field amplitudes A σ (t,z) are proportional to the control field
, so the quantum field amplitudes can be considerably amplified by the
, where the magnitude of Ω + (t 0 ) is different from Ω + (t 0 <t<t 1 ). The amplification is simply explained with the atomic coherence built up during the slow light procedure. When a light pulse experiences a slow group velocity, the energy of the light pulse should be reduced roughly by the ratio of v g /c. Thus, by the energy conservation law, the amount of lost energy must be converted into the atomic coherence ρ 21 (will be discussed elsewhere). The amplification is from the retrieval of the atomic coherence, but cannot be larger than the initial energy of the probe field E + . Such results can be effectively used for enhancement of the nonlinear interactions of single photon fields interacting with collective ensemble [13, 17] .
By turning off the control pulse 0 ) ( → − t Ω at t=10, the field A − disappears completely (see Fig.   2 (b)), and the field A + starts to propagate in its original direction (see Fig. 2(a) ). In the opposite situation, where ) (t + Ω is switched off, the field A + disappears but the quantum field A − now propagates backward with new carrier frequency ω -(see Fig. 2(c) and (d) 
where Green functions are: 
where Figs. 3 (a), (b) and (e) for conservation of the pulse areas for γ 2 =0. This property points out the possible manipulations with the weak fields A +,− on a large temporal scale. Here, it should be noted that the maximum trapping time of the TC stationary light is determined by the coherence decay time We note that the field E − is generated via the four-wave mixing processes, so the temporal profile (and spectral profile) of field E − is the reversed replica of the E + . Fig. 3 
which show a quantum interference between the fields with different carrier frequencies and points out the possibility of detecting a photon only in one of the fields. Using Eqs. (12) and (15) ( )
If the trapping time satisfies the condition ) 4 /(
, the initial quantum field transforms to the new quantum field with probability close to unity:
. We note that Eq. (33) also determines the transformation of the average photon number to the new field (see Figs. 3 (g) and (h)).
Conclusion
In conclusion, we have presented the stationary two-color light and quantum wavelength conversion using double quantum coherence in a virtual double-Λ system. In this scheme, a traveling quantum field can be classically manipulated by simply adjusting the control fields' parameters for (1) deterministic TC stationary light, (2) selection of propagation direction -either backward or forward, and (3) dynamic quantum wavelength conversion. The present quantum manipulation of two-color stationary may be applied to the quantum node where quantum storage and quantum switching are required.
For potential applications, semiconductor quantum wells or quantum dots may be considered as candidates because these structures have strong dipole moments and sharp absorption linewidth with a large absorption coefficient. The ultrashort decay time of sub-nanoseconds has become an essential feature of high-speed photonic devices. In general semiconductor quantum wells or quantum dots also have fast decoherence (dephasing) times of picoseconds, which is a critical limitation of quantum applications. This critical problem of fast decoherence time, however, can be solved by adjusting barrier thickness in coupled quantum wells for intersubband transitions.
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